This study is attempted to demonstrate the application of rheological measurements in characterization of cosmetics products. As part of this study, several rheological tests were carried out on three common, commercially available body lotions to analyze their complex properties. The tests described in this study were simple and predictive in which the viscoelastic properties were successfully related with the end-use performance properties such as applicability, processing behavior, temperature sensitivity and storage and thermal stability.
INTRODUCTION
Creams and lotions require a complex array of rheological and thermal testing in order to characterize them and control the quality for the end user satisfaction. When applied to the skin of the human body, they need to spread easily on the skin without feeling greasy or sticky. To be effective, they should leave a thin and uniform coating of the key ingredients, which can penetrate quickly into the skin. During the shelf storage in the retail stores, the ingredients of the products should not separate or settle in the container; otherwise the product would feel lumpy or grainy when applied to the skin. When the product is poured or squeezed from the packaging container, it should not be too hard or too runny (like water). The product has to be formulated just right to meet the consumer satisfaction.
Since 1960's rheological measurements has been becoming increasingly important to be able to characterize the "consistency" of semisolid gels, ointments and creams, ("so-called complex or structural fluids"), in a meaningful fashion [1] [2] [3] [4] [5] . Rheological measurements are now required in various pharmaceutical and cosmetics industries [6] , including but not limited to the (a) quality control; (b) storage stability under various weather and transportation conditions; (c) correlation with sensory assessment and consumer evaluation; (d) effects of formulation on consistency; (e) prediction of flow behavior under manufacturing or production environment conditions (e.g., pumping, mixing, milling and packaging).
Different cosmetic products require different rheological behavior. For instance, body lotions require a certain yield stress (or high viscosity) at rest in order to stay in the hands of the consumer while being taken out of the bottle. However a subsequent shear thinning behavior (or low viscosity at high shear) is required for ease of spreading and applying the lotion onto the skin. The low viscosity at high shear is also important for lotion to form a uniform thin layer that will more easily penetrate the skin and help the skin absorb the active ingredients without feeling greasy or sticky. This study demonstrates how to characterize body lotions through simple rheological measurements. Basically the following performance criteria of body lotions are considered for this study:
• Applicability: Ease of spreading (rubbing) onto the skin without feeling greasy or sticky • Processibility Ease of bottling the product during manufacturing process • Temperature sensitivity: To determine the desirable use temperature range • Storage and thermal stability: Long stable shelf life and stability under various storage and transportation conditions
EXPERIMENTAL

MATERIALS
Three common and commercially available body lotions, listed in Tab. 1 below, are selected in this study. Lotion A is a brand name active hydrating beauty fluid manufactured by a well-known cosmetics supplier. Lotion B is an UV protective moisture lotion provided by the same company. Lotion B has similar features as Lotion A, except the Lotion B has the additional UV protection feature. Lotion C is a generic hydrating beauty lotion distributed chain supermarket.
RHEOLOGICAL MEASUREMENT
All of the rheological measurements were carried out on a Universal Stress Rheometer Model SR5 (Rheometric Scientific) equipped with the Peltier environmental system. A 50mm diameter Parallel Plate measuring geometry with gap of about 1mm was used with small (1%) strain to maintain the measurements within the linear visco-elastic region (LVER). Dynamic frequency sweep and dynamic temperature ramp tests were carried out with the 50mm diameter plate. A 40mm diameter, 0.04 Radian (ª 2.3∞) cone and plate measuring geometry was used for large strain tests. For long time tests, a mineral oil of low viscosity was used to coat the edge of sample to prevent evaporation of water. The following is brief description for each measurement conducted in this work.
Temperature Sensitivity Test
Temperature ramp test from 0∞C to 60∞C at 10 rad/sec with heating rate 4∞C/min was done to check the usable temperature range of the lotions Thermal Stability Test Two tests were designed for this purpose. First test was the Temperature ramp loop (Ramp Up followed by Ramp Down) test for simulating temperature variation in weather. Temperature was ramped up from 0∞C to 45∞C and then back down to 0∞C. This loop was repeated for 4 cycles with heating rate of 3∞C/min and oscillatory frequency (w) 10 rad/sec. Second of the Thermal Stability test performed was the Temperature step test for simulating temperature change in storage and transportation. In this test, first the temperature is kept at 25∞C for 5 minutes, next the temperature is increased in step fashion to 60∞C and kept at 60∞C for 30 minutes, and then temperature was reduced back to 25∞C and kept at 25∞C for 30 minutes.
Processability Test
Measurements were conducted at 25∞C (room temperature). Dynamic frequency sweep, dynamic stress sweep and Steady stress ramp tests were done.
Applicability Test
Measurements were conducted at 37∞C (human body temperature). Dynamic frequency sweep, dynamic stress sweep tests were done.
RESULTS AND DISCUSSIONS
TEMPERATURE SENSITIVITY
Results of the temperature ramp test are plotted in Fig. 1 . Because the elastic or storage modulus, G', is the most sensitive indicator of the structure changes due to the temperature increase, storage or elastic modulus, G', is plotted as a function of temperature. The results indicate that all three body lotions have less temperature dependence within their application temperature range, (from about 20∞C or room temperature to 37∞C, the human body temperature). It can be seen that all three body lotions meet the requirement of modulus stability up to 37∞C. The G' data of Lotion A and Lotion C start to change sharply Fig. 3 shows the temperature profile over a period of time of temperature ramp loop test that simulates weather changes in different places and seasons. Fig. 4 shows the loop data of G' versus temperature for those three samples. Generally speaking, the smaller the gap in the loop (ramp up versus ramp down) of G' over temperature, the better the thermal stability [7] . The smaller gap in the loop means that thermal hysteresis and structure change with temperature is small. Lotion C has the biggest loop, Lotion A second biggest and the Lotion B has the smallest gap in the loop. Looking into the details, Lotion C changes largely from first loop to the second loop with G' increasing largely; but after first loop, there is almost no changes in the following loops. It means that besides the first loop, Lotion C has the best thermal stability. But if the structure at first loop is deviated off its desirable structure too much, the stability of later does not make any sense.
THERMAL STABILITY
Becoming harder or thicker is not good for body lotions because it will affect spreadability or applicability. Lotion C appears to have problem of thermal stability in this sense. In contrary to Lotion C, the Lotion A and Lotion B change gradually loop by loop. As shown more clearly in Figure 5 , the G' values of Lotion A and Lotion B at around 37∞C. Lotion B can withstand higher temperature before starting to drop sharply at around 45∞C, perhaps because Lotion B is used for UV protective and often implying the use at very higher temperature conditions such as strong sunshine on a beach in the summer.
Let us look at more details into the temperature dependence. Below the temperature of 20∞C, the value of storage modulus, G', for Lotion A and Lotion B gradually increases with decreasing temperature whereas the value of the G' of Lotion C first increases slightly, reaches a maximum value and then increases very sharply at about 5∞C. At high temperature side, the value of the G' of Lotion A and Lotion B simply drops with increasing temperature like normal behavior of many materials; but the value G' of Lotion C first increases unusually largely and then drops. Thus Lotion C shows a very complicated temperature dependent behavior at both low and high temperatures.
We can also analyze what happened to all three lotions at low and high temperatures by plotting the results in slightly different manner. Fig. 2 shows the tan d, the ratio of loss modulus G" to the storage modulus G' versus the temperature from the same temperature ramp tests for all three lotions. For Lotion A and Lotion B, at low temperature some ingredients of lotions such as water, wax or oils go through crystallization; at high temperature some structure is "melting" because tan d also increases with temperature. For Lotion C, at low temperature and high temperature, mainly phase separation takes place because tan d decreases with temperature both become slightly lower with each loop and also with time. Fig. 6 shows the temperature profile of temperature step test, which simulates temperature changes, especially high temperature involved in storage and transportation. The results of the temperature step test for Lotion A, Lotion B and Lotion C is shown in Fig. 7 . Initially at the temperature of 25∞C, the difference in storage modulus, G', amongst all three lotions is not much (Lotion A and Lotion C exhibit similar storage modulus, whereas the Lotion B shows a slightly lower G' values than Lotion A and Lotion C). But at 60°C, the differences in the G' values of all three lotions become quite apparent. At 60°C, values of G' for Lotion A drops very sharply (about 3 decades) from its original G' value at 25∞C and increases with time slightly, then reach constant value. This implies that something is changing in Lotion A at 60∞ C; hence Lotion A seems to be not stable at 60°C. Compared to Lotion A, the G' values of Lotion B drops only about one decade (still large drop), but once dropped, the G' values are constant at 60∞C for Lotion B. Lotion C however drops the smallest when the temperature is suddenly changed from 25∞C to 60∞C. Once the sample reaches 60∞C, the G' values are also kept constant for Lotion C. Finally, when the temperature is changed back to 25∞C, none of the lotions exhibit return of their initial G' values before temperature was increased to 60∞C. From the point of analysis of the return to original G' value, none of the lotions appear to have a perfect thermal stability. Lotion A and Lotion B reach lower G' values than initial G' value, but Lotion C reaches a higher value G' value than initial G' value. As identified previously, Lotion C has a contradictory change tendency as compared with Lotion A and Lotion B at high temperature, indicating that Lotion C has a very different ingredients in the formulation as compared to Lotion A and Lotion B. Cost savings using different ingredients of the formulations may be the reasons why the Lotion C was less expensive to buy than Lotions A and Lotion B.
Moreover, the difference between initial and final G' values for Lotion B is much smaller than that for Lotion A. Therefore, we can say that Lotion B has better thermal stability than Lotion A. It is expected that because the Lotion B is for UV protective it should have good thermal stability. Fig. 8 shows the storage modulus and loss modulus data as the function of frequency at 25∞C for Lotions A, B and C. It can seen that since both storage and loss modulus have a little or no dependence upon frequency and the values of storage modulus, G', is larger than values of loss modulus, G", all of the lotions exhibit gel-like structure. Hence, all of the lotions cannot flow at rest and behave like a solid. Lotion A and Lotion C have almost the same storage modulus which are slightly higher than that of the storage modulus values of the Lotion B. Furthermore, Lotion A and Lotion C exhibits more "harder" or "thicker" appearance than Lotion B does. Figure 9 shows plots of complex viscosity, h*, versus stress for dynamic stress sweep test at 25∞C. The point of stress at which h* drops can be regarded as yield stress. Stress control rheometers that allow a gradual increments in stress can make this type of yield stress measurements directly with the stress sweep test. It can be seen that Lotion A and Lotion C have the almost same yield stress values, and Lotion B has a lower yield stress value. The yield stress value is range from 15 to 35 Pa. The state of the lotion at stress level below yield stress value corresponds to low shear process or at rest. The state of the lotion at stress level higher than the yield stress value corresponds to higher shear processes like pumping, extruding, bottling and spreading. From analyzing the yield stress values and viscosity at high stress, we can say that Lotion A and Lotion B are easier to bottle than Lotion C. The same is also true for pumping and extruding processes, Lotion A and B are easier than Lotion C. (Fig. 9) . It can be clearly seen that in order to maintain the flow at a high shear rate, the order of required stress is Lotion C > Lotion B > Lotion A. In addition, the Lotion A has much higher gap in the thixotropic loop test than the gap in the thixotropic loop tests for Lotion B and Lotion C. Thixotropic loop test shows the characteristic "hysteresis loop", the size of which is related to the degree of thixotropy and recovery time. Structure recovery of Lotion A seems to be slower than Lotion B and Lotion C. Thus with Fig. 9 and Fig. 10 , we can easily understand that squeezing or pumping out a body lotion is easily done, if the lotion viscosity is lower at high shear and the lotion has a low yield stress value.
PROCESSABILITY
APPLICABILITY
At the final stages of their use, the body lotions are usually spread on the body by rubbing in. First, body lotion is taken out of the container into the hands. Sometimes, the lotion is directly applied to the part of the body. Then, the lotion is spread on the outer skin of the hands to some extent forming a thin uniform layer. Finally, the hands are rubbed to continue to spread the lotion on the skin. For the good applicability, a body lotion must be fairly thin at high shear to be able to spread easily; yet it must not run or drip off the hand between the time it is taken out of the bottle and the time it is applied to or rubbed in on the skin. During the application on the body, the temperature of lotion should be close to body temperature of 37°C. Thus the measurements were conducted at 37°C for this purpose. Fig. 11 shows the data of frequency sweep for Lotions A, B and C at 37°C. Figure 12 shows the data of dynamic stress sweep for Lotions A, B and C at 37°C. The data in Fig. 11 indicates that all of them have gel-like structure (similar to the procesability test at 25°C in Fig. 8 ), and they should not have problem in staying on the hand and skin. Being different with their data at 25°C, Lotion C has a quite higher storage modulus, G', than the G' values for Lotion A and Lotion B. Lotion A has almost identical G' values at 37°C as the G' values for Lotion B at 37°C. The data in Fig. 12 indicates that Lotion C has a higher yield stress value than Lotion A and Lotion B. At high stress (i.e., high shear), Lotion A has the lowest viscosity, Lotion B is the second lowest viscosity and Lotion C has the highest viscosity. From these data we can say that Lotion A has best ease of applicability (lower yield stress and lower viscosity at high shear), Lotion C has worst ease of applicability (higher yield stress and higher viscosity at high shear).
SUMMARY
Applied rheology is very useful methods for evaluation of the application behavior, manufacturing processing, and thermal storage stability of lotions and other personal care products. The tests described in this work are meaningful and predictive. Since rheology is a very sensitive probe of the microstructure of material, including lotions, it can be used to relate their viscoelastic parameters, viscosity and elasticity, to end-use performance. Using the Rheological tests, new formulations can be quickly evaluated, thereby avoiding expensive and time-consuming trial market evaluations.
